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Introduction
Electrocatalytic reduction of CO 2 into hydrocarbon fuels is a promising carbon cycle process for the sustainable energy storage, which was discovered by Hori et al. [1] In the last three decades, it has drawn great attentions thanks to the advantages of the electroreduction of CO 2 on copper electrodes with a high faradic efficiency occurring in aqueous electrolytes at ambient temperature. [1] [2] [3] [4] [5] To date, the copper electrode was found to be uniquely able to reduce CO 2 into hydrocarbons (methane and ethylene) in experiments. [6] Hori et al carried out the CO 2 electroreduction over a series of single crystal planes. Among them, Cu(100) performed a comparable activity to Cu(111), but the selectivity towards ethylene on Cu(100) is much higher. [7] [8] [9] To understand these observations, the reaction mechanisms have extensively been investigated using many methods. [10] [11] [12] [13] [14] [15] The rate-determining step was suggested to be the electron transfer to the adsorbed CO, and the adsorbed COH was identified to be the crucial intermediate in the electroreduction of CO 2 . [10] [11] [12] [13] [14] [15] Recently, density functional theory (DFT) calculations were widely used for understanding the heterogeneous catalysis at atomic and molecular levels. [16] [17] [18] [19] [20] [21] Norskov's group has developed a computational hydrogen electrode model to map out the free energy diagrams from CO 2 to CH 4 included about 40 elementary steps on Cu(111). By shifting the stability of intermediates in the diagrams via adjusting the electrode potential, this model explains successfully why such a negative potential (~-1 V vs SHE) was required in the electroreduction of CO 2 . [17] To capture the features of the electrical double layer where the reaction occurs in electrocatalysis, some theoretical models were utilized using DFT calculations and molecular dynamics (MD) simulations. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] In some studies, with the addition of extra electrons into the unit cell, the electrode potential could be controlled by the calculation of work function. [22] [23] [24] [25] [26] [27] [28] [29] In other investigations, to avoid the introduction of artificial counter-charge, H atoms were introduced into the water layer which could separate into protons and electrons. Thus, one may vary the surface charge and the potential by changing the concentration of protons. [30, 31] Another significant challenge in modeling the electrical double layer is the aqueous solution, which is constantly fluctuating at the electrode under dynamic conditions. [25, 28, 32] As we all know that the presence of aqueous solution has a great impact on thermodynamics and kinetics of electrocatalytic reactions, and thus MD study is highly desired for describing the roles of solution in electrochemistry.
The coupling between proton and electron transfer ( could effectively convert electrical energy into chemical energy. Therefore, the understanding of the coupling between proton and electron transfer at atomic level is of great importance in electrocatalysis. However, to the best of our knowledge, the investigation of this process using MD calculations is still missing in electrocatalysis.
Most of the previous theoretical works were performed by using the vacuum model or static water structure since the MD simulation is extraordinary time consuming. [18-20, 22, 23] In comparison with Cu(111), [17, 19, 20] Cu(100) was relatively less reported in the current theoretical work. [21] Based on experimental work, Schouten et al suggested that the behaviors of Cu polycrystalline and Cu(100) are very much alike in terms of the remarkable CO 2 reduction selectivity towards ethylene, and thus inferring that the dominating facet of Cu polycrystalline is actually Cu(100) instead of Cu(111). [34] Using operando electrochemical scanning tunneling microscopy (EC-STM), Kim et al also observed the reconstruction of Cu(111) to Cu(100) under the CO 2 electroreduction condition but no further transformation from Cu(100). [35] Therefore, Cu(100) is probably more stable and acts as the real reactive surface in CO 2 electroreduction.
Herein, we focus on the CO activation over Cu(100) surface in this work. By performing the state-of-the-art constrained ab initio MD simulations, we investigated two possible pathways in CO activation to produce CHO ads and COH ads , respectively, at a charged water/Cu(100) interface for modelling the realistic electrochemical condition. We found that the formation of COH ads via a coupling mechanism between proton and electron transfer would kinetically be more favored than that of CHO ads via a surface catalytic mechanism, although CHO ads is proved to be more stable than COH ads . The paper is organised as follows. In section 2, computational details are presented. In section 3, analyses of charge distribution at the interface, electrode potentials, reaction free energies, structure evolution and electron transfer are illustrated. In section 4, the two CO activation pathways, the constant potential issue, the computational hydrogen electrode method and H ads coverage effect are discussed.
Finally, in section 5 our results are summarized.
Computational details
All the electronic structure calculations were carried out using the Vienna Ab-initio Simulation Package (VASP) with Perdew-Burke-Ernzerh (PBE) functional of exchange-correlation. The projector-augmented-wave (PAW) pseudopotentials were utilized to describe the core electron interaction. [36] [37] [38] [39] [40] [41] [42] [43] It is worth mentioning that the intrinsic delocalization error of PBE, higher than B3LYP in describing the proton and electron transfer, could introduces some errors in the calculated results. [44] The open Cu(100) surface was modeled by p(3x3) unit cell with four layers. The bottom two layers were fixed and the top two layers were fully relaxed during ab initio MD simulation. The cut-off energy was set as 400 eV and a 3×3×1
Monkhorst-Pack k-point sampling was used for calculating the free energy. The MD simulations were performed within the canonical (NVT) ensemble by Nosé-Hoover thermostat method at a constant temperature of 300 K (SMASS>=0). In order to simulate the electrical double layer, a charged aqueous interface model was used, which contains 20 water molecules and one H atom inside the water layer. The density of water layer was kept constant at 1 g cm -3 during the MD simulation.
Considering that the water layer was relatively thin (~12 Å) and the bottom of Cu slab would affect the water structure, a vacuum layer of 7 Å was therefore added above the water layer to avoid the interaction between water molecules and the bottom of Cu slab. The model used in this work is presented in Figure 1 . In the calculation of work function (Φ), a long time ab initio molecular simulation (20 ps) was performed.
Because the work function of the system was found to be quite sensitive to water orientations, [27, 30] we calculated the work function of 20 structures from the last 5 ps MD simulation, and further averaged them as the representative value for the system. The calculated work functions of these 20 samples are listed in Table S1 . The electrode potential (U) was obtained by referring the work function of the system to the experimental work function of standard hydrogen electrode (SHE) according to the following equation, U = Φ/e -4.44. [22, 23] The constrained ab initio MD method was well established on the basis of thermodynamic integration by Sprik and others, [46] [47] [48] and here we employed it to calculate the free energy of reactions at the aqueous interface. The dipole correction was not included in the MD simulation. For each state we performed ab initio MD simulation for 6 ps (1 fs per step, 6000 steps) at a constant room temperature (T = 300 K) until the interatomic forces were converged. The difference of interatomic force was found to be negligible between using a step length of 1 fs per step and 0.5 fs per step. We also found that the interatomic force starts usually to converge after a MD duration of at least 3 ps. To be accurate, we only selected the samples from the last 1 ps (1000 samples) of each MD simulation to do the average of the interatomic force, which was much longer than the oscillation period (~50 fs). Similarly, the C-O bond lengths were also averaged from the six samples within the last 1 ps MD simulation.
All of the detailed data are listed in Table S2 .
Results

Charged aqueous interface model
When an extra H atom is manually added into the aqueous solution consisting of The electrostatic potential is plotted in Figure 2 and the standard deviations are listed in Table S1 . One can see that the work function is 3.81±1.23 eV in neutral system and thus, the corresponding electrode potential (potential of zero charge) is -0.63 (vs SHE), which is close to the experimental value of -0.54 V (vs SHE). [50] In the charged interface model including H + , the work function is decreased to be 2.40±0.29 eV and the corresponding electrode potential is -2.04 V (vs SHE), which is lower than the onset potential of -1.39 V (vs SHE) in CO 2 electroreduction on Cu(100) in ref [8] .
Aiming to understand the CO adsorption at the electrode, we investigated the electron transfer between Cu(100) and CO ads using three different models: (i) CO adsorption at Cu(100) without water; (ii) CO adsorption at the water/Cu(100) interface (20 water molecules); and (iii) CO adsorption at the charged water/Cu(100) interface (20 water molecules with H + ). Bader charge results are listed in Table 1 . We found that CO ads is negatively charged by spontaneously abstracting electron from Cu slab.
Without water molecules, the quantity of negative charge of CO ads is -0.44 e. In neutral aqueous solution, CO ads is more negatively charged (-0.65 e vs -0.44 e), indicating that water can effectively facilitate the electron transfer from Cu to CO ads .
This result can be understood by the stronger interaction between CO ads and Cu (100) as a consequence of hydrogen bonding. In the third model, when adding a H atom into the aqueous solution, the separated electron (-0.59 e) would enter into the CO/Cu(100) molecules, the reaction barrier in path ii is as high as 2.31 eV, which also explains the spontaneous change from path ii to path i in the MD simulation. The transition state in path ii without water molecules is shown in Figure S1 . The favored mechanism of the COH ads formation is described as reaction 1 and the free energy profile is plotted in Figure 3 .
Proton transfer
At the initial state, the distance between H + and O-end of CO ads was set to be 1.8 
Electron transfer
Our calculations show that in the formation to COH ads , the electron is possessed by CO ads on which a proton binds. To unveil the microscopic view of electron transfer, 
C-O bond length
In section 3.1, we showed that as small as -0. Table S2 is competent in appropriately reflecting the trend. To further clarify the similar trend observed in Figure 5a and 5b, we analyzed CO fragments under different conditions, i.e. CO and COH adsorption at Cu(100) without water, CO and COH adsorption at the water/Cu(100) interface, CO adsorption at the charged water/Cu(100) interface, and CO molecule in vacuum as a reference. Figure 6 shows that the negative charges in CO could linearly affects the C-O bond distance.
We should mention that the variation of electric field would affect C-O bond length due to the Stark effect in the formation of COH ads .
[50] Thus, we investigated the C-O bond length and its negative charges under an external electric field of ±0.52 V/Å. The results listed in Table 4 were calculated without water, which are similar to the data reported in ref [50] . Assuming that the voltage drops over an electrical double layer with ~3 Å thickness, [45, 51] Figure 6 . Therefore, we can confirm that the changes in the C-O bond length is mainly caused by the electron transfer to CO ads instead of the electric field effect.
Formation of CHO
Regarding the formation of CHO ads , there are also two possible pathways: (i) (6) The free energy profile for reactions 5 and 6 are displayed in (100) is more active for the CHO ads formation. [20] 4. Discussions
COH or CHO
As presented above, we have identified two feasible pathways for the formation of COH ads and CHO ads in CO activation on Cu(100), respectively. The free energy profiles of the favored pathways are shown in Figure 9 . With respect to the initial state consisting of CO ads and H + + e -, the formation of COH ads is endothermic by 0.34 eV which is higher than that of CHO ads (0.22 eV), implying that CHO ads is relatively more stable on the surface. However, kinetically the barrier in the formation of CHO ads is 0.64 eV (reaction 6) which is higher than that of 0.38 eV (reaction 1) in the formation of COH ads . Therefore, the formation of COH ads is expected to be kinetically more favored. In comparison with previous work in which all the hydrogenation steps follow the Langmuir-Hinshelwood mechanism, i.e. the coupling of intermediate and surface H ads [9, 20] , in this work we revealed that the formation of COH ads follows actually the coupled proton and electron transfer, which is regarded as a feature reaction in electrocatalysis. In addition, we use a dynamic water/metal interface model with many explicit water molecules, which is more accurate in describing the water effect than the vacuum/metal interface model with several static water molecules. [19, 20, 52] However, for the favored pathway of the formation of COH ads and that of CHO ads formation, the current data cannot confirm whether it is one of the two contributes the most to the whole catalytic process in reality, or they are both reactive. It depends strongly on the subsequent reactions of the two intermediates and further investigates on the reactions are underway.
Constant potential effect
It is worth pointing out that in a real electrochemical system, the electrode potential is kept constant during the coupled proton and electron transfer. However, considering that the size of our model in this simulation is relatively small due to the computational limitation, the electrode potential would change significantly in the coupled proton and electron transfer (e.g. reaction 1). This crucial issue is still a huge challenge within DFT framework. To date, the accurate calculation of an electrocatalytic reaction involving the coupled proton and electron transfer is rather difficult since many factors (e.g. constant potential, pH and ion concentrations) are neglected in such a small unit cell. Some errors are inevitable in the current state of DFT, and the description of the electrocatalytic reactions is just an approximation.
Nevertheless, the comparison between the two pathways in CO activation could help us to generally understand the realistic reaction mechanism at the atomic scale.
As displayed in Figure 2 , the disappearance of H + results in an increase in the electrode potential from -2.04 V (vs SHE) to -0.63 V (vs SHE), thus introducing errors in the reaction energy and the activation barrier in reaction 1 and 5 involving the coupled proton and electron transfer. Some possible errors are worth being discussed here. We note that, despite of the inconstant potential, it has hardly any noticeable influence on the understanding of the two competitive pathways in CO activation due to the following reasons. Liu's group reported that for the surface reaction which follows the Langmuir-Hinshelwood mechanism, e.g. reaction 6, it is usually insensitive to the electrode potential; however, for the reaction with the proton and electron transfer, which follows the Eley-Rideal mechanism, e.g. reaction 1, 5, it could be facilitated by negative electrode potential. [26, 53] By using computational hydrogen electrode model, it also suggests that a more negative electrode potential could make reaction 1 (COH ads ) and reaction 5 (H ads ) more exothermic, which will be discussed in the following section. [17] The realistic free energy profile at a constant potential is thus inferred as follows. At a constant potential of -2.04 V (vs SHE), the position of COH ads and H ads in the free energy diagram would shift down equally due to the involvement of one electron transfer. In contrast, since the formation of CHO ads is a typical surface reaction which is rarely affected by the potential, the position of CHO ads with respect to CO ads + H ads keeps fixed. Consequently, the relative position of COH ads and CHO ads in the free energy diagram is unchanged. More importantly, at a constant potential the formation of COH ads is kinetically accelerated and thus, the barrier is actually lower than 0.38 eV while the barrier in the formation of CHO ads is still 0.64 eV. [26, 53] Therefore, with all these analyses considered, the formation of COH ads would kinetically be better than that of CHO ads .
Computational hydrogen electrode model
Additionally, we calculated the formation of COH ads and CHO ads from the state of CO ads and H + + e -using computational hydrogen electrode method in vacuum as a reference to avoid the varied potential in the proton transfer process. [17] The free energy profile is presented in Figure 10 . It can be seen that, under the standard hydrogen electrode condition, the formation energies are 1.11 eV for COH ads and 0.73 eV for CHO ads , respectively. Under the external electrode potential of -2.04 V (vs SHE), the formations of COH ads and CHO ads would energetically be much favored with exothermic reaction energies of -0.94 eV and -1.31 eV, respectively. In the computational hydrogen electrode approach, the free energy of H + + e -equals to that of 1/2 H 2 under the standard hydrogen electrode condition. Consequently, a correction energy of -2.04 eV (eU) can directly be used to shift the relative energy of intermediates. [16] However, in the investigation of coupled proton and electron transfer process in our model, the explicit coupled state of H + + e -was introduced at the water/Cu (100) interface. Thus, the combination of these two models can provide better understandings on the electrocatalytic reactions both thermodynamically and kinetically. [18] The different states of H + + e -in these two models would lead to different positions of initial states (CO ads + H + + e -) in the free energy diagram. In addition to this, the relative positions of COH ads and CHO ads are similar in both models as shown in Figure 9 and 10. Without water, CHO ads is also more stable than COH ads by 0.38 eV (0.12 eV in the presence of aqueous solution), indicating that the aqueous solution stabilizes COH ads more than CHO ads . Therefore, the calculations using computational hydrogen electrode model can also provide evidence that CHO ads is more stable than COH ads , which supports our results in section 4.2.
H coverage effect
We note that H ads is energetically more stable than solvated H + from Figure 7 and thus the H ads coverage effect on CO activation should be considered. We calculated systematically the reaction energy without water with an increase of H ads coverage from 0 ML to 0.89 ML, and the results are plotted in Figure 11a and Figure 11b . It can clearly be seen that, under high coverages of H ads , the stability of 1/2 H 2 is much higher than that of H ads . Therefore, we suggest that the H ads coverage on Cu(100) is expected not to be high and thus its influence should be negligible.
Conclusions
In this work, the CO activation via two pathways to produce COH ads or CHO ads on Cu(100) have been investigated at a charged aqueous interface. 
